Abstract. Impacts into easily vaporized targets such as dry ice and carbonates generate a rapidly expanding vapor cloud. Laboratory experiments performed ,•n a tenuous atmosphere allow deriving the internal energy of this cloud through well-established and tested theoretical descriptions. A second set of experiments under near-vacuum conditions provides a second measure of energy as the internal energy converts to kinetic energy of expansiol• The resulting data allow deriving the vaporized mass as a function of impact angle and velocity. Although peak shock pressures decrease with decreasing impact angle (referenced to horizontal), the amount of impact-generated vapor is found to increase and is derived from the upper surface. Moreover, the temperature of the vapor cloud appears to decrease with decreasing angle. These unexpected results are proposed to reflect the increasing roles of shear heating and downrange hypervelocity ricochet impacts created during oblique impacts. The shallow provenance, low temperature, and trajectory of such vapor have implications for larger-scale events, including enhancement of atmospheric and biospheric stress by oblique terrestrial impacts and impact recycling of the early atmosphere of Mars.
Introduction
Experimental studies of shock-induced vaporization typically use flat-plate accelerators in order to establish controlled conditions, to provide direct measurements, and to allow comparison with one-dimensional theory [e.g., see Ahrens, 1982, 1986; Tyburczy and Ahrens, 1986 ]. The present experiments examine the transfer of energy to the atmosphere produced by spherical projectiles impacting at different angles, thereby revealing possible differences between one-and three-dimensional models as well as revealing phenomena related to the process. Such studies provide a basis for better understanding the role of collisions on the formation or loss of atmospheres on the early Earth, Mars, and Venus.
The surface of Venus preserves a record of the atmospheric response to the impact process in three dimensions, including signatures of the vapor cloud [Schultz, 1992] . Such signatures become increasingly offset downrange as impact angles (from the horizontal) decrease and indicate that the vapor cloud and atmospheric response decouple from later stages of crater excavation. The energy coupled to the atmosphere can be determined from the limits of vapor-cloud expansion. Taylor [1950a] used fixis approach to estimate the energy yield of the first atomic explosion in New Mexico from high-speed photography, and its validity has since been repeatedly continned in numerical codes of strong explosions in the presence of an atmosphere [Brode, 1955; Goldstine and Von Neuman, 1955; Jones and Kodis, 1982; Vickery, 1986] . Free (undecelerated) expansion of a vapor cloud in a vacuum reflects its internal energy density [Zel'dovich and Razier, 1967]. These two observations (one in an atmosphere and the other under vacuum) provide two equations and two unknowns, thereby giving an estimate of the amount of impact-generated vapor. Previous studies using dry ice as a target [Schultz and Gault, 1990] indicated that vaporization increases with decreasing impact angle (from the horizontal). Because shock eft•cts decrease with decreasing impact angle, they concluded that shear heating must play a significant role for easily vaporized targets. Here we examine the process in more detail for a wider variety of Laboratory experiments cannot directly simulate impactinduced vaporization at large scales. Nevertheless, they allow witnessing processes and phenomena that can be identified and applied at much larger scales through numerical or analytical models. Experiments also permit isolating and modeling relevant processes that otherwise might be either unexplained from the geologic record or difficult to reproduce in a full-scale computational code. Comparisons between predictions extrapolated from laboratory experiments and the geologic record on the planets therefore can provide a reality check. For example, scaling the laboratory perspective to Venus was consistent with atmospheric containment and deceleration of a decoupled impact-generated vapor/melt cloud that retains a significant fraction of the impactor momentum [Schultz, 1992] . Numerical models allow constraining parameters characterizing the downrange vapor cloud based on observing the process in the laboratory [Sugita and Schultz, 1995] .
The discussion below first summarizes the physical context and basis for the experiments. Because impact vaporization depends on impact angle, it is necessary next to review phenomenology associated with vapor-cloud evolution. With fixis background, the observed expansion of the vapor cloud is used to determine its internal energy and vaporized mass. The experimental results indicate that the translational motion of both the impactor and downrange impactor ricochet debris plays an important role in target vaporization through frictional shear heating. Although the amount of impactgenerated vapor increases with decreasing angle (from the horizontal), its temperature appears to decrease.
Experimental Approach
The laboratory experiments were performed at the NASA Ames Vertical Gun Range (AVGR), a national facility funded by NASA's Planetary Geology and Geophysics Program and operated through NASA Ames Research Center. The AVGR allows impacting targets over a range of angles in 15 ø increments from 0 to 90 ø (from the horizontal). The large target chamber minimizes possible interference from chamber walls, while large side ports permit recording the evolution of the impact event with high-speed imaging systems. The intensity of self-luminous vapor clouds generated during certain impacts was sufficient to expose high-speed film at 35,000 frames per second and an Imacon imaging system up to one 21, 117 million frames per second. This approach was possible only when highly luminous ionized gases were produced (e.g., • AIO +, CaO, CO, Ca)as determined by a diffraction spectrograph. Less luminous clouds were recorded with backlighting, thereby producing a shadowgraph of opaque phases.
In 1950, Sir Geoffrey Taylor described a relatively straightforward approach for deriving the energy of an explosion by observing the expansion of the shocked air mass expressed as the fireball [Taylor, 1950a ,; also see Sedov, 1959] . This approach assumes that the linear dimension of the disturbance expands without radiative energy loss. Under these conditions, dimensional analysis indicates that the radius R of the spherically expanding shocked air mass generated by an explosion of energy Ea expands over time t according to the following equation: R = S(7)t2/SEla/Sp• 115
( 1) where Po is the atmospheric density and S(7) is a function of the ratio 7 of the specific heats of the surrounding atmosphere. Consequently, when S(7) is calculated, the observed expansion can be used to estimate Ea. Taylor [1950b] derived S (7) expressed as K = [S(7)] -5 for different values of 7 for a nuclear explosion in air and found that 7 was reasonably matched by a value characteristic for room temperatures (i.e., 7 = 1.4). The atmospheric response from an instantaneous surface explosion is fundamentally different from an impact by a hypervelocity, solid projectile. A surface explosion directly couples its energy with the surrounding atmosphere, whereas an impact first transfers most of its kinetic energy (Yd•) to the target, then to the atmosphere through retarding expansion of the induced vapor cloud or drag deceleration of ejecta [see Cooper, 1977; Knowles and Brode, 1977; Schultz and Gault, 1979 , 1982 Schultz, 1992] . Transfer of energy from impact-generated vapor to the atmosphere, however, can be significantly affected by partial containment within both the impact cavity and the early-time ejecta plume. This containment redirects the vapor initially into a jet, rather than a stationary point-source explosion. With sufficient time and atmospheric interaction, however, such a distinction in source geometry may be lost. The effect of containment and energy losses at early times is defined here by a coupling efficiency factor, k = E/KE.
In the absence of an atmosphere, the internal energy of an isentropically expanding vapor cloud will be converted to kinetic energy with a constant mean expansion velocity simply given by where Ev is the energy of the vapor and my is its mass. As shown by Zel'dovich and Razier [1967] , the observable expansion of the front of a vapor cloud Uma x can be related to u, by the following relation: uoo y'-I
= 2 •r' Umax where 7' is the ratio of specific heats in the vapor cloud.
Consequently, the mass of an impact-generated vapor cloud can be estimated by recording the evolution of two identical experiments (same impactor/target conditions) with (equation (1)) and without (equations (2) and (3)) an atmosphere. Such an approach implicitly assumes that the vapor cloud becomes completely coupled with the atmosphere (Ev = Ea) and that vapor phases dominate this coupling process. eration due to atmospheric resistance. Regardless, this approach requires that cloud expansion with or without an atmosphere can be documented at sufficiently late stage (far field) when the specific nature of the energy source can no longer be recognized. Such an approach is often used to approximate the cratering process, e.g., the late-stage equivalence of Dienes and Walsh [1970] or the point-source approximation of Holsapple [ 1987] .
Experiments allow establishing the degree of energy coupling between the atmosphere and impact as a function of impact angle, the amount of vaporization as a function of velocity and impact angle, and early-time phenomena that might be revealed in the planetary crateting record. The following three different camera systems were used: a NOVA camera recording at 8000 frames per second (fps) on 16-mm film; a Cordin camera exposing up to 35,000 fps on a strip of 35-mm film; and an Imacon camera using an image-orthicon tube capable of 2 million fps yielding up to eight images on 4 x 5 sheet film. Targets of aluminum, compacted pumice, and loose sand provided a reference for atmospheric effects without appreciable vaporization. The available impact velocities (up to 7 km/s) are theoretically sufficient to induce only partial melting of targets such as aluminum [Gault and Heitowit, 1963] . Consequently, the effect of vaporization was assessed by using targets of dry ice (blocks and powder), powdered carbonate, powdered dolomite, water, and large Iceland spar calcite crystals as summarized in Table 1 . Projectiles were typically 0.635-cm aluminum spheres. Aluminum projectiles allowed using a thin mylar diaphragm at the entrance port, thereby permitting different atmospheric pressures in the impact chamber and minimizing effects from launch contaminants. High-speed imaging of the projectile in flight with and without this mylar diaphragm documented both the integrity of the projectile and minimal velocity change.
Phenomenology
Application of (1) through (3) depends on the evolution of the vapor cloud and the atmospheric response. It is not only useful but necessary to examine phenomena observed with and without vaporization and to assess possible effects of impact angle on the energy coupled to the atmosphere. Vertical impacts. Without vaporization, the ejecta plume quickly (within 1 ms) establishes the conical profile characteristic of impacts into particulate targets under vacuum conditions [see Gault et al., 1968; Oberbeck, 1975] . Impact vaporization, however, produces a dramatically different early-time evolution as illustrated by impacts into dry-ice powder (Figure 2) . Immediately (within 100 ms), a self-luminous (ionized) vertical jet of vaporized target material is created. Such jets are pronounced with pyrex projectiles that completely fragment and melt at impact, regardless of target. Simultaneously, a self-luminous cloud expands spherically from a neck above the point of entry at a velocity of about 700 m/s. Within 0.5 ms, a high-temperature (blue) jet emerges from the cloud with an upward velocity of 1.3 km/s and a lateral expansion velocity of about 200 m/s. As the vapor cloud continues to expand and dissipate, a separate cone-shaped plume of ballistic ejecta develops by 50 ms and extends to late time (not shown in Figure 2 ). These two examples provide reference for following discussions concerning energy coupling between solid-body impact and the atmosphere at different impact angles at early times.
The observed contrast in early-time plume evolution with and without vaporization reflects the initial energy partitioning between impactor and target. Shock-induced vaporization is created in front of the projectile as it penetrates the surface and laterally as the shock expands into the target. The earlytime penetration cavity conf'mes and redirects the vapor into a plume which subsequently evolves into a spherically expanding cloud whose center of mass rises above the cavity at about 1 km/s. The observed blue jet is most likely derived from high-temperature vapor temporarily trapped in front of the impactor as it penetrates the target. Similar "cavitation" (collapse and redirection of the vapor) also can be documented in computational codes depicting impacts of natural materials at much higher velocities [e.g., 07•eefe and Ahrens, 1982] as well as more comparable simulations of aluminum spheres impacting plasticene [Thomsen etal., 1979] . Escape of the vapor is delayed until it fills the cavity. This evolution is distinct from the classical fireball rising above large-scale explosion craters that create the distinctive mushroom shape. Early time coupling between the atmosphere and impact products should be significantly different with and without vaporization. Without vaporization, ejecta leave the cavity as part of the flow comprising the conical ejecta sheet. Unless the surrounding atmosphere can decelerate the head of this stream, energy coupled to the atmosphere will be deferred to later times when ejecta trajectories no longer parallel the plume Gault, 1979, 1982] . This contrasts with the vapor cloud, which expands radially against the atmosphere. Equal partitioning between projectile and target limits the internal energy of the vapor cloud to be less than about 0.5 KE i for vertical impacts by aluminum impactors at 6 km/s [Gault and Heitowit, 1963] . Energy expended in crater excavation (target kinetic energy), however, exceeds the energy fraction in the vapor cloud. This statement will be justified in a subsequent section, where the energy contained in the vapor cloud is estimated from its rate of expansion.
The effect of introducing an atmosphere is illustrated in 3), the ionized wake trailing the impactor continues to impinge and fills the growing transient cavity delineated by the ejecta curtain. High-speed ejecta and vapor ionize the atmosphere with sufficient illumination to be recorded at 35,000 frames per second. Even low atmospheric pressures (20 mbar) significantly enhance visibility of the vapor through ionization. As this self-luminosity rapidly decreases, a small, more brilliant ionized ball moves upward through the wake column. On the basis of spectra, this minifireball represents heated atmospheric gas trapped in front of the projectile during passage through the atmosphere and released after the projectile has transferred most of its kinetic energy and momentum to the target. Use of easily vaporized dry ice under an atmosphere reveals significant enhancement in luminosity (Figure 4) . Without an atmosphere, vertical impacts into dry ice produced only a faint image at first contact using the same exposure (28 gs). With an atmosphere, the visible effects of vaporization increase through rapid heating and ionization of the atmosphere and vapor cloud components, in contrast with ballistic ejecta flow.
The vertical ionized jet observed for impacts into dry ice under a vacuum changes under atmospheric conditions. In an atmosphere, the jet is replaced by a fight ballistic fireball which emerges above the cavity with time ( Figure 4 ). As it passes through the column of ionized atmosphere comprising the projectile wake, multiple standoff shocks develop. This interaction demonstrates the rapid inward collapse and downward flow of wake gases behind the projectile as previously described [see Schultz, 1992] . At this scale and atmospheric conditions, the rising ionized ball is completely contained within the developing ejecta curtain.
The evolution of the vapor plume and ejecta under low atmospheric pressure was also examined using back illumination recorded at 35,000 frames per second. Under very low atmospheric pressures, the opaque phases initially form a conical plume which "blooms" as it rapidly changes from a cylindrically expanding column to a spherically expanding cloud. Eventually, the cloud engulfs the surface as illustrated in the second frame in Figure 2 . Under an atmospheric pressure of 2 mbar (air), the opaque conical plume is contained within a less opaque but more vertical plume. The less opaque plume represents the detached mach cone from the projectile, and the base of the less opaque plume forms a small kink that rises with time. As the projectile air shock expands and interacts with the vapor plume, it creates a turbulent eddy. At much later times, the eddy forms a "crown" above an opaque spherically expanding cloud whose center gradually rises.
In summary, the degree of direct coupling between the kinetic energy and the surrounding atmosphere from a vertical impact immediately after contact in laboratory experiments strongly depends on the amount of impact vaporization. Without vaporization, energy coupling is inefficient since it involves deceleration of ballistic ejecta within a flow stream. With vaporization (but without an atmosphere), the rapidly expanding cloud outpaces the advancing ejecta curtain, which reflects energy partitioned to kinetic energy in the target. In a dense atmosphere at laboratory scales, expansion of the "cool" vapor from dry ice is contained within the conical ejecta curtain. Two vapor components can be recognized: a lower temperature cloud that resembles expansion of gases from a nozzle and a higher temperature cloud corresponding to highly compressed gases initially trapped in from of the projectile. Although the observed evolution of the disturbed atmosphere is consistent with theory, the energy source needs not reflect a vapor cloud but only efficient coupling between impact products or heating of the surrounding atmosphere. Comparisons between easily vaporized and refractory target materials, spectra of the self-luminous cloud, and use of low ambient pressures (less than 33 mbar) are all consistent, however, with expansion of a vapor. As a further test, hypervelocity debris-cloud collisions were performed in order to maximize coupling with the atmosphere rather than the target, analogous to near-surface explosions Gault, 1982, 1985; 07(eeJb and Ahrens, 1982] . For these experiments, pyrex spheres were catastrophically disrupted by passage through thin (2.54 x 10 -3 cm) paper above the target. The resulting debris cloud expands at a rate controlled by stored strain and rotation rate imparted by the rifling in the launch tube used to separate the projectile from the sabot. Vertical impact by this cloud into an aluminum target establishes the energy directly transferred to the atmosphere principally by heating and radiation since small ejecta will escape deceleration at early times. From the observed growth of the intensely ionized cloud (Figure 8a ), only 0.8% of the initial impactor 
Energy Partitioning and Vaporization
Free expansion of the impact-generated vapor cloud in the presence of an atmosphere allows estimating its energy from (1), while expansion in a vacuum for identical impactor conditions permits calculating an upper limit for the vaporized mass from (2)and (3), once the energy of the vapor cloud is known. The following discussion first compares the observed vapor cloud expansion with theoretical predictions, thereby allowing estimates of the contained energy. Second, these results are tested for conservation of energy and varying impact conditions. Estimates of impact-vaporized mass are then compared as a function of impact angle. kinetic energy is coupled to the atmosphere. Debris cloud impacts into dry ice, however, transfer energy to the atmosphere principally through deceleration of expanding vapor ( Figure  8b ). These experiments indicate that more than 50% of the impactor energy is transferred to the atmosphere. Note that a vertical impact by a solid aluminum impactor couples only 0.2% of its initial energy. Consequently, the energy represented by the expanding ionized cloud is believed to reflect coupling at a molecular level, consistent with vapor production.
Spectra of the vapor were obtained using a photographic diffraction spectrograph oriented such that the downrange luminous vapor cloud would pass across the slit (Figures 9a and  9b) . Because of the translational velocity and expansion of the cloud, the overall exposure corresponds to about 150 gs. As shown in Figure 9a , the vapor cloud produced by impacts into carbonate contains prominent A10 + bands from rapid reactions with the impactor as well as emission lines of neutral species (Ca I) and dissociation products (CaO and CO) from the target. A strong background gray-body/blackbody exists at longer wavelengths (above 550 nm). Impacts into dry ice (Figure 9b ) produced simpler spectra with strong A10 + and CO emissions. Consequently, rapid dissociation and mixing between impactor and target can be documented. Both impacts resulted in Na I emissions from contaminants. Such experiments indicate that time-resolved, high-resolution spectrophotometry could be a valuable tool for probing the compositional and thermal evolution of impact-generated vapor clouds.
Crater growth disrupts free expansion of the vapor cloud at high impact angles (>45'). Table 1 ); target types (see Table 1 5/2 logR o = 1/21og(EA/KPo) + log t o (5) where Ro, po, and to correspond to observed values and where it is assumed that Ev eventually couples completely to internal energy of the atmosphere E,4. As previously noted, K depends on the adopted ratio of specific heats for the expanding gas above the impact. Different ambient atmospheric pressures and compositions were used in order to test the repeatability of the derived energies and revealed that ambient pressures must exceed about 5 mbar to provide consistent results owing to measurement uncertainties. The value of K in (5)could depend on the surrounding ambient atmosphere, the expanding vapor cloud, or a mixture of the two. As a test, the energy fraction coupled to the atmosphere was derived for dry ice targets under atmospheres of different compositions. If the value of K reflects only target vapor, then the derived energy should not depend on atmospheric composition. Instead, atmospheric composition does make a difference. Just as Taylor [1950a] concluded, the value of K apparently reflects conditions of the ambient atmosphere, even though the expanding gas may be highly ionized.
Direct coupling between the impact and atmosphere at an impact angle of 15' allows deriving the maximum energy partitioned to vaporization as shown in Figures 13a and 13b and summarized in Table 3 Abbreviations are same as Table 2 , with P, atmospheric pressure for gases (see Table 1 Abbreviations are as follows: 0, impact angle from the horizontal; Ev/KE e derived vapor-cloud energy scaled to impactor energy; m,/mv derived vaporized mass scaled to projectile mass; IE/KE i, total internal energy represented by the vapor cloud including energy for vaporization scaled to initial impactor kinetic energy. Vaporized mass is calculated using (4c) and (3) with the value of Urea x (equation (3)) including the effect of impact velocity (Figures 14a and 14b) . Hence the chemical reaction leading to the brilliant selfluminous cloud provides a convenient tracer of a vapor cloud but is not believed to interfere significantly with its evolution. The role of entrained, nonvolatile fractions during impacts into more chemically complex targets such as dolomite may reduce the expansion rate through viscous energy losses within a two-phase medium. Such a process might reduce the estimate for ttmax, thereby overestimating the vaporized mass fraction. Use of dry ice, however, should minimize such effects. Future experiments will attempt to better constrain the contribution of exothermic reactions and the possible effect of cool particulates on the observations. Frictional Heating. The increase in vaporization with decrease in impact angle (Figure 15b) suggests that frictional shear heating generated in oblique impacts may play a greater role than waste heat created during shock decompression [Schultz and Gault, 1990] . Spray [1992 Spray [ , 1993 has produced friction melts in silicates at strain rates (10S/s) and loading conditions (10 GPa) much lower than those produced in laboratory impact experiments (106/s and 50 GPa)but over much longer times (10 s v•rsus 1 gs). Friction melting at much higher strain rates (10'/s), however, also has been produced in oblique collisions of flat plates at relatively low velocities [Klopp et al., 1985] . Consequently, the role of shear-generated vapor in easily vaporized targets is a reasonable expectation and is consistent with the dependence of the vapor cloud energy on cos20 for a given impact velocity (Figure 13b) . 
In terms of the vaporized target mass, vaporization now increases with impact angle, a 15' impact generating 7 times more vapor than a 45' impact. If the sheared target mass reflects the deformed impactor as it penetrates (rather than just a projection due to its oblique trajectory), then the affected area can be viewed as a parabolic section with both the downrange and transverse dimension increasing with rcot0. In this case, decreasing angle as internal energy increases (cos20cot20) as depicted in Figure 16c . Now vaporization increases more dramatically, with a 15' impact generating 26 times more vapor than a 45' impact.
As impact angles decrease, however, an increasing fraction of KE i is carded away by impactor fragments following disruption at contact [Schultz and Gault, 1990] . Consequently, the energy actually partitioned to the target (KEo)will be the initial impactor energy (KEi)minus the kinetic energy retained by the downrange impactor debris (KER):
where j is an empirically derived constant (taken as 0.05 for impacts into sand). Equation ( (Figure 13a ). Vaporization for 30' impact angles into dolomite appears to be greater than the expected trend for 15' impacts (more than a factor of 2). It is proposed that the augmented vaporization for the 30' impacts actually represents reduced vaporization for 15' impacts owing to energy lost to hypervelocity decapitated impactor fragments. For 30' impact angles, most decapitation fragments impact the surface nearby. At 15' impact angles, some fragments fail to contact the surface while others strike at such low angles (<9') that they contribute little to additional vaporization. This interpretation is consistent with an oblique impact into a block of Kaibab limestone (see Table 3 
Concluding Remarks
The laboratory experiments suggest that impact generation of vapor (and presumably melt) may be more complex than previously assumed owing to the roles of friction heating and impactor fate. Several •ific conclusions can be drawn for oblique impacts.
1. Four different components of impact-generated vapor can be recognized in high frame rate imaging. In addition to the jetting phase, a downrange-moving vapor cloud accompanies ricochet debris and a slower moving vapor cloud expands above the impact. A fourth vapor plume evolves from containment and redirection by the early-time penetration cavity.
2. Impact angles less than about 30' result in vapor that largely decouples from the crater excavation stage, thereby undergoing relatively unrestricted expansion.
3. Impact generation of vapor is proposed to reflect not only the role of waste heat from peak shock pressures controlled by the vertical component of velocity, but also the role of friction from high shear stresses created during oblique impacts. Although the temperature of the vapor cloud is observed to decrease with decreasing impact angle (lower expansion velocity), the combination of reduced peak pressures at contact and enhanced shear along the projectile/t_arget inter- 
